The complete amino acid sequence of troponin I from rabbit cardiac muscle was determined by the isolation of four unique CNBr fragments, together with overlapping tryptic peptides containing radioactive methionine residues. Overlap data for residues 35-36, 93-94 and 140-145 are incomplete, the sequence at these positions being based on homology with the sequence of the fast-skeletal-muscle protein. Cardiac troponin I is a single polypeptide chain of 206 residues with mol.wt. 23550 and an extinction coefficient, E21'elctI, of 4.37. The protein has a net positive charge of 14 and is thus somewhat more basic than troponin I from fast-skeletal muscle. Comparison of the sequences of troponin I from cardiac and fast skeletal muscle show that the cardiac protein has 26 extra residues at the N-terminus which account for the larger size of the protein. In the remainder of sequence there is a considerable degree of homology, this being greater in the C-terminal two-thirds ofthe molecule. The region in the cardiac protein corresponding to the peptide with inhibitory activity from the fast-skeletal-muscle protein is very similar and it seems unlikely that this is the cause of the difference in inhibitory activity between the two proteins. The region responsible for binding troponin C, however, possesses a lower degree of homology. Detailed evidence on which the sequence is based has been deposited as Supplementary Publication SUP 50072 (20 pages), at
The troponin complex, consisting of the proteins troponin C, troponin I and troponin T, together with tropomyosin is responsible for the control of actomyosin ATPase* activity, and hence of contraction, in striated muscle. Greaser et al. (1972) and Tsukui & Ebashi (1973) have shown that the components of troponin in cardiac muscle are different from those in fast skeletal muscle on the basis of their molecular weights, and Syska et al. (1974) have shown that the three troponin I species isolated from fast and slow skeletal and cardiac muscles differ not only in their molecular size, but also in their inhibitory activity and in the electrophoretic mobility of the complex formed with troponin C. Amino acid-sequence studies (Collins et al., 1973; van Eerd & Takahashi, 1975) confirm that differences exist between troponin C from fast skeletal and cardiac muscle, and it appears possible that one of the four proposed Ca2+-binding sites in fast-skeletal-muscle troponin C is absent from the cardiac protein. It thus seems likely that each muscle type contains a different set of troponin components which alter the characteristics of the regulation exercised and hence modify contractile activity.
We have published the amino acid sequence of troponin I from rabbit fast skeletal muscle (Wilkinson & Grand, 1975) and this information has been used to define those regions ofthe molecule responsible for the inhibitory activity and for binding troponin C (Syska et al., 1976) . In view of the higher molecular weight and lower inhibitory activity of cardiac troponin I (Syska et al., 1974) , we have now determined the amino acid sequence of the cardiac protein in order to investigate the relationship between the two proteins. The present paper presents the evidence for this sequence obtained by cleavage of the protein into four fragments by CNBr treatment together with the isolation of appropriate overlapping peptides. 1 mM-CaCl2, pH 8.0, and then dialysed for 6h against the same buffer. The homogenate was stirred for 16h-with 60g of troponin C-Sepharose (containing 2.5-3.0mg of troponin C/g of Sepharose). The Sepharose affinity absorbent was collected by centrifugation at 1500g for 15 min, resuspended in the above buffer and again centrifuged and finally packed into a column (3 cmx O0cm). The column was washed with buffer until the E280 of the eluate was the same as that of the starting buffer and the troponin I wastheneluted with the same buffercontaining lOrnm-EGTA. The protein.
was desalted on a column (2cmx 100cm) ofSephadex G-25 eluted with lOmM-HCI, and finally freeze-dried. The yield oftroponin I was approx. 23mg from SOg of hearts.
Troponin C-Sepharose Troponin C, prepared from rabbit fast skeletal muscle by the method of Perry & Cole (1974) , was linked to Sepharose 4B as described by Syska et al. (1974) .
CNBr cleavage
Cardiac troponin I was dissolved (lSmg/ml) in 70% (v/v) formici acid, and 100-fold molar excess of CNBr over-methionine residues was added. After 24h at room temperature (200C) the digest was diluted 10-fold with water and freeze-dried.
Radioactive labelling
Cysteine residues were carboxymethylated with iodo[14 Cacetic acid in 6M-guanidine hydrochloride/ OAM-Tris/HCI, pH8.2,as describd by Wilkinson et al. (1972) . CNBr-cleaved peptides were alkylated in this way after CNBr cleavage.
Methionine residues Wmere alkylated with iodo[14C]-acetic add by the method of Wikinson (1968) after alylation of the cysteine residues with iodoacetic acid.
Molecular-weight determination
The method of Mann & Fish (1972) 15500) and lysozyme (mol.wt. 14300).
Analytical methods Amino acid analysis was carried out as described by Wilkinson et al. (1972) , cysteine was determined as cysteic acid by the method of Moore (1963) and tryptophan was determined spectrophbtometrically as described by Crumpton & Wilklinson (1963) . Extinction coefficients were determined by the method of Babul & Stellwagen (1969) . Dansylation of proteins for N-terminal amino acid determination was carred out as descnrbed previously (Wilkinson, 1974) . Polyacrylamide-gel electrophoresis in sodium dodecyl sulphate and in urea at pH 3.2 were performed as described by Wilkinson et al. (1972 (Wilkinson, 1974) . Radioactive peptides were detected by radioautography by using Kodak Blue Brand X-ray film. The methods of specific staining for tyrosine-, tryptophan-and histidinepontaining peptides, for the use of the dansyl-Edmnan technique, hydrazinolysis and the assignment of amide groups have been described previously (WiLkinson & Grand, 1975) .
Peptides with blocked N-terminal residues. were detected, after paper electrophorsiS, by the method of Pan & Dutcher (1956 (Summers et al., 1973) and by back-hydrolysis with HI followed by amino acid analysis withia Ranlk Hilger analyser (Rank Precision Industries, Margate, Kent, U.K.).
Results

Properties of cardiac troponin I
Cardiac troponin I, prepared by the single-step afflnity-chromatographic method of 'Syska et al. (1974) , was shown to be homogeneous by polyacrylamide-gel electrophoresis both in sodium dodecyl sulphate and in 6M-urea, pH3.2. An average yield of 25mg of protein was obtained from -SOg of rabbit hearts. If the protein eluted from the affinity column was dialysed before freeze-drying, a brovnish product w4s obtained which absorbed strongly in the 260nm region; this was not so if urea and buffer salts were removed by desalting on Sephadex G-25, and this technique was adopted for routine use.
Molecular weights of 24200 and 21800 for cardiac and skeletal-muscle troponin I were determined by chromatography on Sepharose 6B in the presence of 6M-guanidine hydrochloride. The accuracy of the Vol. 159 method is estimated by Mann & Fish (1972) to be ±7%.
The amino acid composition of the protein was determined on duplicate samples hydrolysed for 24 and 72h. The results are given in Table 1 . The extinction coefficient, E2%o "Om, was 4.37. No free N-terminal amino acid could be detected by the dansyl procedure.
Separation of CNBr fragments
From the analysis of cardiac troponin I, four or five peptides would be expected to result from CNBr cleavage. The CNBr digest was chromatographed on Sephadex G-75 after radioactive labelling of the cysteine residues, and the elution profile is shown in Fig. 1 . Fractions indicated were pooled, desalted on Sephadex G-10 in lOmM-HCl and freezedried. Polyacrylamide-gel electrophoresis at pH3.2 gave a single band for fractions 1, 2 and 4 and two bands for fraction 3. Fraction 3 was rechromatographed on a column (3.0cmx 195cm) of Sephadex G-50 eluted with lOmM-HCl. Two peaks were obtained, which were pooled and freeze-dried. Gel electrophoresis of these two fractions showed them to be essntially homogeneous.-Fraction 4 gave one major band on high-vojtage paper electrophoresis at pHI6.5. ThiU bland had a inoility of O.S relIattive to aspartic acid =-1 and was purified by preparative electrophoresis.
The composition ofthe fractions is given in Table 2 . Fractions 1,2, 3a, 3b and 4 correspond to fraents CCN1, 2, 3, 4 and 5 respectively. The complete amino acid sequence of cardiac troponin I is shown in Fig. 2 , which also shows the position of each of the CNBr fragments. All references to residue numbers refer to their position in the complete sequence.
Fragment CCN2 was submitted to automatic
Edman degradation and unambiguous identification of the first 40 residues in its sequence was obtained, except for cysteine at position 75. The next three residues were tentatively identified, but it was not possible to assign acidic or amide side chains to residues 89 or 90. Fragment CCN2 was digested with trypsin, chymotrypsin and thermolysin and the resulting peptides were purified and sequenced by manual procedures; these peptides provide evidence for the remainder ofthe sequence and also confirm the sequenator data.
Evidence for the sequence of fragment CCN3 was obtained from peptides from digests of the fragment with trypsin, chymotrypsin and thermolysin, for fragnent CCN4 from digests with trypsin and thermolysin and for fragnent CCN5 with trypsin alone.
Tryptic digestion of the CNBr fragnent CCN1 gave rise to the peptides X-Ala-Asp-Glu-Ser-Arg and Ile-Ser-Ala-Asp-Ala-Hse, which are the N-and C-terminal peptides of fragments CCN3 and CCN2 Vol. 159
respectively. In addition several other peptides characteristic of these fragments were obtained. It is therefore concluded that fragment CCN1 is a partial cleavage product comprising fragments CCN3 and CCN2 in which cleavage at methionine-48 has not occurred. Sequencing of all the small peptides was straightforward except for two peptides from fragment CCN3. The N-terminal tryptic peptide of the fragment, CCN3 Tr2, was ninhydrin negative and possessed no free N-terminal amino acid. It was therefore taken to be the N-terminal peptide of the whole molecule and hence fragment CCN3 to be the N-terminal CNBr fragment. Digestion of this peptide with pepsin for 16h followed by chromatography of the digest on Zeo-Karb 225 (H+ form) gave rise to one peptide of composition (Asp,Ala), which was not retarded by the column, and one peptideofcomposition(Ser,Glu,-Arg), which was eluted with 1 M-NH3. Hydrazinolysis of the dipeptide showed the C-terminal residue to be aspartic acid and hence the sequence to be X-Ala-Asp, and the sequence of the tripeptide was shown to be Glu-Ser-Arg by the Dansyl-Edman procedure. Thus the sequence of the whole peptide is X-Ala-Asp-GluSer-Arg, where X is a blocking group. Elution volume (ml) Fig. 3 Peptides CCN3 Th9 (residues 17-24) and CCN3 Tr4 (residues 19-23) presented a rather different problem. In both cases it was not possible to sequence after residue 19 by the dansyl-Edman procedure, probably owing to phosphorylation of serine-20 (Solaro et al., 1976) .
In fact the mobilities of both peptides were consistent with the serine residue bearing a negative charge. Therefore before digestion offragment CCN3 with chymotrypsin, the fragment was treated with alkaline phosphatase. The peptide CCN3 Ch5a (residues 18-24) was then isolated with a mobility consistent with the serine residue being uncharged. Sequencing ofthe dephosphorylated peptide was then possible by the normal procedures.
Isolation of methionine-containing peptides
To provide overlap information for the CNBr fragments, troponin I in which the methionine residues had been labelled with iodo[14C]acetic acid was digested with trypsin. The digest was chromatographed on Sephadex G-25, eluted with 50mM-NH4HCO3 as shown in Fig. 3 and fractions were pooled as indicated. Only two fractions, 3 and 4, were radioactive, and from these, three radioactive peptides were purified by high-voltage electrophoresis. One of these peptides, T3-1 (residues 145-158) had approximately twice the specific radioactivity of the other two and also gave twice the amount of methionine on analysis. It was shown to contain a Met-Met sequence (residues 150 and 151), thus giving a total of four methionine residues in the protein. These methionine sequences are shown in Fig. 4 .
These data, in conjunction with the fact that the Nterminus of fragment CCN3 is blocked and that fragment CCN5 contains no homoserine, allow the CNBr fragments to be aligned in the order: CCN3-CCN2-CCN4-CCN5.
Cysteine sequences
As shown in Fig. 1 , fragments CCN1 and CCN2 were the only CNBr fragments that contained radioactive S-carboxymethylcysteine after labelling of the cysteine residues of the digest. As fragment CCN1 is a partial cleavage product, all the cysteine must be located in fragment CCN2. A tryptic digest of troponin I whose cysteine residues had been labelled with iodo[14C]acetic acid, followed by chromatography on Sephadex G-25 in 50mM-NH4HCO3, gave rise to a profile virtually identical with that in Fig. 3 , except that all the radioactivity was in a single peak corresponding to fraction 2. From this fraction a single radioactive peptide Tr2 (residues 75-93) was isolated which had N-terminal S-carboxymethylcysteine. Digestion of this peptide with chymotrypsin gave rise to two radioactive peptides Tr2C1 (residues 75-80) and Tr2C2 (residues 86-93), thus locating the two cysteine residues in the sequence at residues 75 and 92. 1976 Ile-Ser-Ala-Asp-Ala-Met-Met-Gln-Ala-Leu-Leu-Gly-Thr-Arg Asn-Ile-Asp-Leu-Leu-Ser-Gly-Met-Glu-Gly-Arg Thr-Leu-Met-Leu-Gln-Ile-Ala-Lys The detailed data on which the sequence presented here is based have been deposited as Supplementary Publication SUP 50072 at the British Library (Lending Division). This publication gives details of the composition and electrophoretic mobility of the peptides isolated from enzymic digests of cardiac troponin I and its CNBr fragments. Details of both automatic and manual Edman degradations are given together with a discussion of the deduction of the sequence from the evidence provided.
Discussion
Despite the difficulty of obtaining a sufficient quantity of protein for sequencing, troponin I from rabbit heart was chosen for study so that the comparison of cardiac and fast-skeletal-muscle sequences should not be complicated by interspecies differences. To this end the affinity-chromatogaphic method of Syska et al. (1974) was used for preparation, for although it was not possible to obtain more than an average of 25mg of protein in any one batch, the protein obtained by this single-step procedure was of very high purity.
From the evidence presented here it has been possible to deduce a unique anino acid sequence of 206 amino acids. This gives a calculated mol.wt. of 23 550, which is in good agreement with the value of 24200 determined by chromatography on Sepharose 6B, but is considerably less than the previously determined values of 30000, 28000 and 29000, obtained by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis by Greaser et al. (1972) , Tsukui & Ebashi (1973) and Syska et al. (1974) respectively. The protein is 27 residues longer than the analogous protein from fast skeletal muscle, and the relationship between these two sequences is discussed below. Cardiac troponin I has an overall net positive charge of 14, including histidineresidues, and is thus a somewhat more basic protein than its fastskeletal-muscle counterpart. In common with other myofibrillar proteins, cardiac troponin I has no free aciamino group. The nature of the blocking group has ndot been determined, but it seems most likely that it Is an acetyl group in view ofthe results obtained from other myofibrillar proteins. Vol. 159
Validity of the proposed sequence
The supplementary publication to this paper (SUP 50072) presents the detailed evidence on which the sequence is based and with a few exceptions these data contain adequate overlaps to confirm the ordering of the peptides. There are three positions at which it has not been possible to obtain overlap data; these are between residues 35 and 36, between residues 93 and 94 and between residues 140 and 145.
The sequence around residue 35 is Lys-Lys-LysLeu. Both trypsin and thermolysin cleaved after the third lysine residue, whereas chymotrypsin cleaved after the first lysine, but no subsequent peptide could be isolated from this digest. The sequence is thus particularly difficult to establish unambiguously and relies on the positioning of all the other tryptic peptides which account for the total composition of the fragment.
A similar form ofreasoning applies to the other two cases, but for these positions the argument is strengthened by the homology ofthe sequence with that of the fast-skeletal-muscle troponin I as shown in Fig. 5 .
The sequence from residues 140 to 145 has been taken to be Arg-Leu-Arg-Val-Arg-Ile; this rests basically on homology with the fast-skeletal-muscle sequence, but the order ofLeu-Arg and Val-Arg could clearly be reversed.
Relationship with fast-skeletal-muscle troponin I A comparison of the sequences of cardiac and fastskeletal-muscle troponin I is shown in Fig. 5 . It is necessary to introduce three deletions in the fastskeletal-muscle sequence, at residues 39, 83 and 183, in order to obtain the best fit between the two sequence.
The main differences to be observed between the two proteins is that the cardiac protein has 26 extra residues at the N-erminus, and atthe C-terminus the fast-skeletal-muscle protein has two extra residues. The extra N-terminal sequence contains the unusual sequence Pro-Ala-Pro-Ala (residues 13-16), which is reminiscnt of the sequence of the Al light chain of myosin (Frank & Weeds, 1974) . Solaro et al. (1976) have shown that serine at residue 20 is phosphorylated during perfusion and that this phosphate can be readily exchanged. In view of their findings it sems probable that the extra length of polypeptide chain is T3-1
Comparison ofthe amino acidsequence ofcardiac andfast-skeletal-musck troponin I Residues underlined with a solid line are identical; those with a dashed line are conservative replacements. Single-letter code for amino acids: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; W, Trp; Y, Tyr. situated on the surface of the molecule and has a functional significance in the heart but that it is not required in the fast-skeletal-muscle protein.
If It is noticeable that the sequence homology is considerably stronger in the C-terminal part of the sequence. This appears to begin at residue 85 and with some interesting exceptions continues to the Cterminus of both proteins. There is one area in particular in this region, residues 114-118, where homology breaks down. This may be a linking region unimportant for the structural integrity ofthe molecules, or it may impose an important structural difference which affects the biological activity. In the N-terminal part of the sequence the homology is much less strong except in the region residues 44-59. There is a single proline at residue 77, in contrast with the Pro-Pro sequence in the fast-skeletal-muscle protein; however, this will probably have a similar effect on the structure at this point.
There are only two cysteine residues in the cardiac sequence, at residues 75 and 92, these being homologous with cysteines in the fast-skeletal-muscle sequence. The third cysteine in the fast-skeletalmuscle sequence, at residue 162, has been replaced by threonine in the cardiac protein.
Four sites in fast-skeletal-muscle troponin I have been shown to be phosphorylated under various conditions (Huang et al., 1974; Moir et al., 1974) ; these are at positions corresponding to residues 37, 46, 116 and 146 in the cardiac sequence. Ofthese residues, 116 is asparagine in the cardiac sequence and thus cannot be phosphorylated. There is evidence that serine-146 can be phosphorylated by a cyclic AMPdependent protein kinase (A. J. G. Moir, personal communication), but there is as yet no evidence that serine-37 or threonine-46 are phosphorylated, although the sequences around these residues are very similar to the corresponding sequences in the fast-skeletal-muscle protein, as indeed is that around serine-146.
The two important interactions of troponin I are with actin to produce an inhibition of the actomyosin ATPase, and with troponin C, in the presence of Ca2+, to relieve this inhibition. It has been shown previously (Syska et al., 1976 ) that the inhibitory activity of fastskeletal-muscle troponin I can be localized in a CNBr peptide corresponding to residues 124-145 in the cardiac sequence, whereas the region responsible for binding troponin C is located in the N-terminal peptide corresponding to cardiac residues 27-74. As cardiac troponin I shares these two activities with the fast-skeletal-muscle protein it is of interest to compare these regions in particular. The inhibitory region is almost identical in the two proteins, the major differences being a threonine-for-proline substitution at residue 138 and a leucine for arginine at residue 141. Syska et al. (1974) have reported a considerable difference in the inhibitory activity of the parent proteins, but it is not clear if these differences in the primary structure could be responsible for this effect. The situation with the troponin C-binding region is somewhat different, in that out of48 residues only 19 are identical, and on the basis of homology data it appears that the most likely troponin C-binding region is between residues 36 and 59, spanning the methionine at residue 48. No quantitative data on differences in the binding of troponin I to troponin C are available, but on the basis of the sequence data it would be reasonable to expect that such differences exist.
